PV energy is one of the most important renewable energies because it is clean, requires very little maintenance. However, the relatively high costs and low conversion efficiency are still the major challenge to a larger and faster spread of PV systems. Therefore, the maximum power point tracker (MPPT) is essential in a PV system for maximizing the conversion efficiency of the solar array. Because of the nonlinear behavior of PV systems, various techniques of MPPT are employed in order to continuously operate the PV array at their MPP despite the unavoidable changes in solar irradiance and temperature. This paper presents an assessment of five widely used MPPT techniques. These techniques are simulated in Matlab/Simulink environment in order to provide a comparison in terms of sensors required, ease of implementation, efficiency and the dynamic response of the PV system to variations in temperature and irradiance to determine appropriateness for the different applications of PV system. This can be used as a reference for future research related to PV power generation.
INTRODUCTION
There is no doubt about it that the future world energy supply must be a mixture of many different sources, with a growing share of renewable energy. The main reasons that make the photovoltaic systems play a key role in this issue are the production of the electrical energy close to where it is required so that transport expenditure and energy losses can be avoided, no greenhouse gas emission, low maintenance cost and no noise because it do not require any moving parts [1] . The main applications of PV systems are in solar vehicles, water pumping, street lighting, remote areas electrification and space stations [3] . However, there are many drawbacks of PV systems: nonlinear behavior, the variation of the maximum power point with the climatic conditions which complicates the tracking task, low conversion efficiency which is less than 17% [2] ; and high installation cost. So, it becomes necessary to use MPPT system in order to ensure the efficient operation of the solar array. MPPT is a switch-mode power converter can be used for extracting the maximum power despite the continuous changes in irradiance and temperature by the control technique which adjusts the power and achieves its greatest possible value [5] . Several MPPT techniques have proposed in literature such as Fractional open circuit voltage technique [6] , Perturb and Observe (P&O) technique [8, 15] , Incremental Conductance (IncCond) technique [14] , Fuzzy Logic Control (FLC) based technique [16] and Temperature measurement based techniques [11, 20] . These techniques vary in complexity, sensors required, convergence speed, ease of implementation, popularity, and in other respects. This paper presents a careful assessment for five MPPT techniques, using models in Matlab/Simulink environment, with a brief discussion in order to provide a reference for the future works related to the design of PV systems. The rest of this paper is organized as follows: section II introduces MPPT system overview; Section III describes the main MPPT techniques; Section IV presents the obtained simulation results and discusses the different techniques. Finally, conclusions are contained in section V.
SYSTEM OVERVIEW
PV systems consist of PV panels, DC-DC converters, control technique and loads. A typical operation of MPPT system is depicted in Fig. 1 , where the measured values of the output voltage and/or current of the PV panel are fed to the MPPT technique which updates the duty cycle (D) of the DC-DC converter to maximize the power delivered to the load [10] . 
A. PV model:
The PV panel is composed of several PV cells connected in series or parallel or both. The equivalent circuit of the single-diode model for PV cells is shown in Fig. 2 . The most commonly used expression of the output current I PV and output voltage V PV of a PV panel with N S cells in series and N P strings in parallel based on the single exponential model is found from Eq. (1) which describes the current-voltage characteristics of a PV module [6] .
where I sc is the light generated PV current, I o is the reverse saturation current, n is the diode ideality factor, q is the charge of electron, K is the Boltzmann constant, T is the cell temperature, and R S , R P are the series and parallel equivalent resistances of the solar cell respectively.
The main electrical parameters of SM55 PV module used are summarized in Appendix A. The currentvoltage characteristics, shown in Fig. 3 , demonstrate that the maximum power point (MPP) of the PV module is influenced by the irradiance (G) and temperature (T) changes and show that either the PV voltage or PV current can represent this point. At a certain operating condition, the control of the MPPT regulates the voltage or current to a value that represent the MPP. The PV voltage regulation is preferred over the PV current regulation due to the following reasons [4] :
 Measuring the voltage signal is cheaper and easier than that of the current.  The voltage of the MPP is within a certain range, about 65% to 82% of the open circuit voltage.  The voltage of the MPP is affected slightly by changes in the irradiance.  The cell temperature is the major factor that affects the voltage of the MPP; however, it has slow dynamics and is always within a certain range.
B. DC-DC Converter:
DC-DC converter is used for matching the characteristics of the load with those of the PV panel and regulating the PV voltage by varying the duty cycle using MPPT technique in order to maintain the operating point at the MPP of the PV panel. DC-DC converters are classified into many types: boost converters, buck converters, buck-boost converters and ćuk converter. The performance parameters of each type can be described by: voltage gain (A v ), boundary filter inductance (L b ) and minimum filter capacitance (C min ) [9] . These parameters can be calculated using the relationships which are summarized in Appendix A. Boost DC-DC converter, shown in Fig. 4 , is chosen in the present work because its sensitivity to small changes in D is larger than buck and buck-boost converter [9] . 
MAIN MPPT TECHNIQUES

A. Modified fractional OC voltage technique:
Fractional open circuit (OC) voltage is one of the simplest MPPT techniques because it is based on the approximately linear relationship between the voltage at MPP (V MPP ) and the open circuit voltage (V oc ) of the PV panel under varying irradiance and temperature levels as described by the following equation:
where K 1 is proportionality constant, which depends on the characteristics of the PV panel being used. This constant has to be computed in advance by determining V MPP and V oc for the specific PV panel at different irradiance and temperature levels [14] . The value of K 1 ranges from 0.63 and 0.8 for SM55 PV module over a temperature range of 25-75 o C and irradiance levels from 200 to 1000 W/m 2 as shown in Fig. 5 . Once K 1 is known and V oc is measured periodically by momentarily isolating the power converter, V MPP can be calculated using Eq. (2) and it can be reached by a closed loop control loop on the power converter [5] . Although this method is very easy and cheap to implement as it needs a single voltage sensor and doesn't require microcontroller control, it has two major drawbacks. First, The MPP reached is not the real one because Eq. (2) is only an approximation and depends on difficult choice of the optimal value of the constant K 1 . Second, the power supplied to the load is lost due to periodic isolation of the power converter in order to measure V oc [6] . So, the modified fractional open circuit voltage technique is used to overcome the loss of power problem by measuring the temperature and irradiance in order to calculate V oc using the following equations [13] :
where C TV is the variation of V oc with temperature, is the open circuit voltage at standard test conditions -STC (1000 W/m 2 
) and ∆T is the temperature change due to change in irradiance. The values of and taken are 0.0016 and 0.006 respectively.
Once V oc is calculated, V MPP can be determined using Eq. (2) and it can be reached using PI controller which minimize the error between the output voltage of the PV panel and V MPP by adjusting the duty cycle of the power converter. 
B. Perturb and Observe (P&O) technique:
This method is based on periodical perturbing (increasing or decreasing) the PV panel's terminal voltage or the switching duty cycle in order to change the system operating point and then observing the output power variation (∆P). If the power increases (∆P is positive), the MPP will be approached, therefore the perturbation should be kept the same for the following stage; otherwise the perturbation should be reversed. This process is repeated until the MPP is reached [14] . Fig. 9 validates the simulation of the P&O MPPT technique according to the flow chart depicted in Fig. 8 . The main features of this MPPT technique is its simplicity and ease of implementation as it requires two sensors to measure the PV panel voltage and current [14] . However, P&O (or hill climbing) has two fundamental defects. First, it has oscillations around the MPP because of the perturbation process. This oscillation can be minimized by reducing the perturbation step size but the tracking speed will be reduced. To overcome this problem a modified adaptive hill climbing (MAHC) is proposed in [15] to avoid tracking deviation and improve its performance by making the perturbation step size of the switching duty cycle large during transient stage and small in steady state. In [16] , fuzzy logic control is used for optimizing the perturbation step size. Second, it fails to track the MPP during rapidly changes in atmospheric conditions because it is not able to determine whether the change in the power is due to its own voltage perturbation or due to the change in the irradiance levels. This defect has been treated in [17] . 
Engineering
C. Incremental conductance (IncCond) technique:
It is one of the MPPT techniques which are based on the fact that the slope of the PV panel's power-voltage characteristics (dP/dV), represented by Eq. (6), is zero at the MPP as shown on Fig. 10 .
where ⁄ is the reverse of the instantaneous conductance and ⁄ is the incremental conductance of the PV panel. Hence, from the voltage and current measurements, the algorithm calculates the PV panel's instantaneous conductance and its incremental conductance to decide if the duty cycle of the converter D should be increased or decreased according to equations (6), (7) and (8) for tracking the MPP as shown in Fig. 10 . A large step size of the increment or decrement improves the tracking speed but negatively affect the oscillations around the MPP in steady state. The main advantage of IncCond over the P&O technique is that it is presents better transient performance when subjected to rapidly changes in atmospheric conditions [5] , [14] . The dynamic response can be improved using PI controller which provides a dynamic step size for the duty cycle of the power converter depending on the error between the reverse of the instantaneous conductance the incremental conductance of the PV panel. Fig. 12 validates the simulation of the IncCond MPPT technique in Simulink according to the flow chart depicted in Fig. 11 . 
D. Fuzzy logic control (FLC) based MPPT technique:
Fuzzy logic controllers have occupied a high position for tracking the maximum power point over the last decades because of its simplicity, its ability to handle nonlinearity, fast convergence, capability of dealing with imprecise inputs and doesn't need accurate mathematical model [14, 16, 19] .
Fuzzy logic control consists of three stages: fuzzification, decision-making and defuzzification as depicted in Fig. 13 . During fuzzification stage, the numerical crisp inputs are transformed to linguistic variables based on a membership function like the ones in Fig. 14. The number of membership functions used depends on the accuracy of the controller, but it usually varies between five and seven. In the decision making stage, the rules which are specified by a set of IF-THEN statements, depending on the power converter being used, defines the behavior of the controller. In the defuzzification stage, the fuzzy logic controller output is transformed from linguistic variable to a numerical crisp variable still using a membership function [10] .
In this work, the inputs of the fuzzy logic controller are chosen to be the change of the PV output power ∆P and the change of the output voltage ∆V which are defined by Eq. (9) and (10) and the output is the increment of the duty cycle of the power converter ∆D as proposed in [16] . Seven fuzzy levels are used for e ach variable: NB (negative big), NM (negative medium), NS (negative small), ZE (zero), PS (positive small), PM (positive medium), PB (positive big). Once ∆P and ∆V are calculated and converted to linguistic variables, the fuzzy logic controller output ∆D can be looked up in a rule base table such as Table  1 , which is proposed for the boost converter used in this work. These rules are based on the fact that if the change in the voltage causes the power to increase, the moving of the next change is kept in the same direction otherwise the next change is reversed. For example, if the operating point is far to the right of the MPP, ∆P is NB, and ∆V is PS, then to reach the MPP the duty cycle should increase, so ∆D should be PB (Positive) to move the operating point towards the MPP. Rapid changing solar irradiance is taken into account while designing these rules. Fig. 15 validates the simulation of FLC based MPPT technique. 
E. Temperature measurement based MPPT technique:
This technique is based on the fact that the PV output voltage is directly proportional to the temperature on the PV surface. In [20], two different temperature techniques are available. The first one is the temperature gradient (TG) technique which uses the temperature to determine the open-circuit voltage V oc from Eq. (11) and then calculate the optimal voltage V MPP as in the fractional open circuit voltage technique. The second one is the temperature parametric equation (TP) technique which adopts the optimal voltage Eq. (12) and determines V MPP instantaneously by measuring the temperature (T) and the solar irradiance (G).
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where u, v, w and y are the parameters of the optimal voltage equation that depends on the irradiance level.
In [11] , a simple temperature technique called MPPTtemp is proposed. In this technique, the current sensor is substituted by a temperature sensor fixed on the PV back surface. The system starts measuring the PV output voltage V PV and temperature T then evaluates the V MPP by (13) and depending on the difference between the measured value of the PV output voltage V PV and the desired maximum power point voltage V MPP , the duty cycle D is updated in order to keep the PV output voltage as close as possible to V MPP .
where is the maximum power point voltage at standard test conditions (1000 W/m 2 , 25 o C) and u v is the temperature coefficient of V MPP (PV panel's datasheet information). The main features of this technique are its ease of implementation, simplicity, fast tracking and no steady state oscillation around the MPP. Fig. 17 validates the simulation of the temperature measurement based MPPT technique in Simulink according to the flow chart depicted in Fig. 16 . 
SIMULATION RESULTS AND DISCUSSION
In this section, the simulations were performed on a PV system for comparing the MPPT techniques. The PV system used in the simulations is shown in Fig. 18 . This system consists of SM55 solar module which provides a maximum power of 55 W. The input of the power converter is connected to the PV panel, the output is connected to the resistive load and the control signal generated by each MPPT technique fed to a PWM for controlling the boost converter's switching MOSFET. The system was simulated in Matlab/Simulink software environment. Different types of changes in the solar irradiance and temperature are used during the simulation to test the MPPT techniques at different operating conditions: step changes ( Fig. 19a ) and ramp changes (Fig. 19b ).
The simulation results indicates that the modified fractional open circuit voltage technique, the IncCond technique, the FLC based technique as well as the temperature based technique are all able to track the MPP for fast changes in the solar irradiance and temperature but the P&o technique fails to do that as depicted in Fig. 19b . As mentioned above, the accuracy of the modified fractional open circuit voltage technique and the temperature based technique suffers as a result of the difficult choice of the optimal value of the constant K 1 however; they have the best convergence speed as depicted in Fig. 19a . Furthermore, the P&o technique has the worst tracking speed and it can be improved by increasing the perturbation step size.
The efficiency of the MPPT technique is a very important consideration for special PV system applications such as the power supply used in space stations and satellites. It can be determined by the following equation [6] : ∑ where P i is the PV output power, P max is the maximum power and n is the number of samples.
The simulation results indicated that the FLC based technique as well as the modified fractional OC voltage has the best efficiency as compared to the other techniques.
The ease of implementation of the MPPT technique has a large impact on the overall cost of the PV system. Whether the MPPT technique is an analog or digital implementation and the sensor requirements are important factors specifying its ease of implementation. The analog implementation is easier and cheaper than the digital one as it doesn't need microcontroller and programming. As a result, the P&O technique, as well as the temperature measurement based technique is easier and cheaper than the other techniques because they can be implemented in an analog manner and need double sensors. The characteristics of the simulated MPPT techniques are summarized in Table 2 . 
CONCOLUSION
In this work, the most widely used MPPT techniques have been assessed according to simulations in Matlab/ Simulink environment based on the dynamic response of the PV system, the tracking speed of convergence, the efficiency and the ease of implementation.
The results indicate that the modified fractional OC voltage technique, the FLC based technique and the IncCond technique provide an excellent tracking performance independently on the climatic conditions. The temperature measurement based technique is characterized by its simplicity of implementation but it has the lowest efficiency because of its bad accuracy. Finally, the performance of the P&O technique depends on the perturbation step size. This simulation based assessment can be useful in specifying the appropriateness of the MPPT techniques for the different PV system applications.
Appendix A
The electrical parameters of the SM55 PV Module are shown in Table A .1. 
